Because some animals and human beings potentially engage in sexual activity at any day of the menstrual cycle, this may cause fertilization of postovulatory aged oocytes, which result in decreased potential of embryo development and longevity of offspring. To investigate the involvement of histone acetylation in the function of postovulatory aging, we examined the changes of histone acetylation by immunostaining with specific antibodies against various acetylated lysines on histones H3 and H4. We found that the acetylation levels of lysine 14 on histone H3 and lysines 8 and 12 on histone H4 in mouse oocytes were gradually increased during in vivo and in vitro postovulatory aging. Furthermore, the acetylation levels on these sites were markedly decreased or increased when the process of postovulatory aging was artificially delayed or accelerated, respectively. These results indicated that the gradual acetylation on some lysines of histones H3 and H4 is one of the phenomena in the process of postovulatory aging. Moreover, raising the level of histone acetylation by trichostatin A can accelerate the progression of postovulatory aging, suggesting that alteration of the acetylation on histones H3 and H4 can affect the progression of postovulatory aging in mouse oocytes.
INTRODUCTION
Some mammalian species, especially some primates (including human beings), potentially engage in sexual activity at any day of the menstrual cycle. Ovulation and insemination may not be synchronized, resulting in the oocytes reaching the end of their life span [1] . It is well known that the metaphase IIarrested (MII) oocytes have a short fertilizable life span with a time-dependent decrease of their normal developmental competence after ovulation. For example, mouse oocytes can be fertilized in vivo for about 15 h after ovulation [2] .
Deterioration occurring in the ovulated mature oocyte during prolonged culture is called postovulatory aging, and those oocytes in which aging has occurred but have not degenerated are called aged oocytes [3] . Aging not only decreases the potential of oocytes for fertilization and embryo development, but also gives rise to offspring suffering from retarded sensorimotor integration during preweaning development, increased spontaneous activity, higher emotionality [4] , and decreased reproductive fitness and longevity [1] .
Although the molecular changes occurring in the aged oocyte cytoplasm and the mechanisms inducing these phenomena are not well understood, mitochondrial dysfunction and reduction of the maturation promoting factor (MPF) may be involved in such a process. In aged oocytes, morphological abnormalities of mitochondria were observed [5] . The ATP content and mitochondrial membrane potential decrease steadily with extended culture time in oocytes [6, 7] . Such generalized damage to oocyte mitochondria increases the probability that the resulting offspring carry a subpopulation of defective mitochondria, decreased fecundity, and shortened life expectancy [8] .
Moreover, the gradual decrease in MPF activity during aging is one of the reasons for oocyte aging. Regulation of MPF activity depends upon the association of CDC2 kinase, catalytic subunit, and cyclin B, regulatory subunit. Inactivation of MPF is caused by proteolysis of cyclin B [9] and phosphorylation of CDC2 [10] . A previous study has shown that artificially regulating MPF activity by phosphorylation or dephosphorylation of CDC2 in porcine postovulatory aging oocytes can promote or delay aging, respectively [3] .
The acetylation of nuclear core histones is thought to play important roles in various cellular functions [11] [12] [13] . The acetylation-deacetylation switch depends on different physiological conditions, and the balance between these modifications is achieved through the action of enzymes named histone acetyltransferases (HATs) and histone deacetyltransferases (HDACs). The findings that HDACs can regulate the life span of different organisms have shed new light on the underlying mechanism of aging. Overexpression of SIR2, a NAD þ -dependent histone deacetylase, extends yeast and Caenorhabditis elegans life span [14] , whereas deletion of a different HDAC (RPD3) also extends life span. Studies have shown that these two HDACs deacetylate different lysine residues on the N-terminal tails of histones. SIR2 can specifically deacetylate lysines 9 and 14 of histone H3 and lysine 16 of histone H4 [15] , and RPD3 deletion preferentially influenced histone H4 lysine residues 5 and 12 [16] . Alteration in the pattern of gene expression involved in longevity by changing the level and the pattern of histone acetylation may be an important factor in determining the longevity of animals [17] .
In 3-wk-old mouse oocytes, histones H3 and H4 are deacetylated globally at MII by HDAC activity [18] , but in 10-mo-old mouse oocytes, histones remain acetylated [19] . In addition, inhibition of meiotic histone deacetylation can induce aneuploidy in fertilized mouse oocytes, which results in embryonic death in utero at an early stage of development [19] . However, the changes and functions of histone acetylation in the process of postovulatory aging in mouse oocytes are unknown.
In the present study, to investigate the involvement of histone acetylation in the function of postovulatory aging, we examined the changes in the acetylation patterns of various lysine residues in histones H3 and H4 during postovulatory aging of the mouse oocyte. Furthermore, we investigated whether the process of postovulatory aging was changed when the levels of histone acetylation were altered in mouse oocytes by culturing the oocytes with trichostatin A (TSA).
MATERIALS AND METHODS

Animals
We used Kunming white mice as oocyte donors. All animals were maintained in accordance with the Animal Experiment Standard of Institute of Zoology, Chinese Academy of Sciences. Unless otherwise noted, all chemicals used in this study were purchased from Sigma-Aldrich.
Collection and Culture of Mouse Oocytes
For studies of in vivo postovulatory aged oocytes, oocytes were flushed at 14, 19, and 24 h after injection of hCG from the oviducts of 4-to 6-wk-old female Kunming white mice that had been injected i.p. with 10 IU of eCG (Tianjin Animal Hormone Factory, Tianjin, China), followed 48 h later by 10 IU of hCG (Tianjin Animal Hormone Factory). Oocytes were collected in M2 medium, and cumulus cells were removed with 0.1% hyaluronidase for 3-5 min in the same solution.
For studies of in vitro postovulatory aged oocytes, oocytes were flushed at 14 h post-hCG and cultured for 19-24 h after hCG injection in M16 medium under a humidified atmosphere of 5% CO 2 and 95% air at 378C. At the end of the culture, cumulus cells were removed, and oocytes were immediately used as indicated below.
Activation and Assessment of Activated Oocytes
Oocytes were treated with 7% (v/v) ethanol in M2 medium for 5 min at room temperature and then washed three times and cultured in M16 containing 2 mM 6-dimethylaminopurine (6-DMAP) for 5 h. At the end of culture, oocytes were observed under the microscope for parthenogenetic activation. Oocytes with a pronucleus or pronuclei were considered activated. At least 30 oocytes were evaluated each replicate, and three replicates were performed.
Treatment of MII Oocytes with 6-DMAP, TSA, or Caffeine
Oocytes, flushed at 14 h post-hCG, were cultured for 19 h post-hCG in M16 medium containing 1 mM 6-DMAP or 100 nM TSA, or they were cultured for 24 h post-hCG in M16 medium with 8 mM caffeine. For control treatments, oocytes were cultured in M16 containing 0.05% dimethyl sulfoxide.
Indirect Immunofluorescence and Scanning Confocal Microscopy
The oocytes were immunostained with antibodies against acetylated lysines 9 (Cell Signaling Technology) and 14 (Upstate Biotechnology) of histone H3 (AcH3K9 and AcH3K14), lysines 5, 8, 12 (Upstate Biotechnology), and 16 (Santa Cruz Biotechnology) of histone H4 (AcH4K5, AcH4K8, AcH4K12, and AcH4K16), and alpha-tubulin (Sigma-Aldrich). Instrument settings were kept constant for each replicate. Each developmental panel was repeated three times, and at least 20 oocytes were evaluated each time. The details were described previously [20] .
Statistical Analysis
For treated and control groups, data were compared statistically by the Student t-test. Statistical significance was evaluated at P , 0.05.
RESULTS
Histone Acetylation During Postovulatory Aging of MII Oocytes
The acetylation levels of various lysine residues on histones H3 and H4 were examined in in vivo and in vitro postovulatory aging of mouse oocytes at 14, 19, and 24 h after hCG injection. Immunocytochemistry with specific antibodies against AcH3K9, AcH3K14, AcH4K5, AcH4K8, AcH4K12, and AcH4K16 showed that the fluorescence signals for all of the antibodies, with the exception of a weak signal for AcH4K8, were absent from the oocytes at 14 h post-hCG, as described in a previous study [18] . With subsequent postovulatory aging, however, H4K12 was acetylated at 19 h post-hCG, and H3K14 was also acetylated at 24 h after hCG in in vivo and in vitro postovulatory aged oocytes. Moreover, intense fluorescence signals for AcH4K8 and AcH4K12 were gradually increased in the progression of postovulatory aging (Fig. 1) . However, no fluorescence signals for AcH3K9, AcH4K5, and AcH4K16 were detected during postovulatory aging ( Fig. 1 ; AcH4K5 and AcH4K16, data not shown). The acetylation states of various lysine residues of histones H3 and H4 during in vivo and in vitro postovulatory aging of mouse oocytes are summarized in Table 1 .
6-DMAP Promotes Histone Acetylation in Mouse Oocytes During Postovulatory Aging
MII oocytes show a high activity of MPF, a complex of activated CDC2 and cyclin B that maintains the MII state for fertilization [21] . The gradual decrease of MPF activity during postovulatory aging is one of the reasons for oocyte aging. Moreover, regulation of MPF activity can manipulate oocyte aging to some extent in porcine [3] and mouse oocytes [22] . 6-DMAP, an in vitro protein kinase inhibitor, is shown to block the MPF activity by stimulating the tyrosine phosphorylation of CDC2 [23] . Compared with the control group, the activation rate, as a specific biomarker for oocyte aging [24, 25] , in the oocytes cultured in M16 with 1 mM 6-DMAP for 5 h was significantly higher (78% vs. 49%, P , 0.01). Furthermore, we examined the changes of the acetylation levels in H3K14 and H4K12 and found that a signal for the anti-AcH3K14 or an intense signal for the anti-AcH4K12 existed in the 6-DMAPtreated oocytes (Fig. 2) .
Caffeine Inhibits Histone Acetylation in Mouse Oocytes During Postovulatory Aging
It has been reported that caffeine can delay the progression of postovulatory aging in porcine oocytes [3] and mouse oocytes (data not shown). Compared with the control group, the activation rate of the oocytes cultured in M16 with 8 mM caffeine for 10 h was significantly decreased (82% vs. 35%, P , 0.01). Therefore, we proposed that caffeine could induce the changes in the histone acetylation patterns during the postovulatory aging. To confirm this hypothesis, the changes in the acetylation levels of H3K14 and H4K12 were examined. The oocytes, flushed at 14 h post-hCG, were cultured in M16 with or without 8 mM caffeine for 10 h. Compared with the control group, no signal for the anti-AcH3K14 or a weak signal for the anti-AcH4K12 was shown in the caffeine-treated oocytes (Fig. 3) .
TSA Accelerates the Progression of Postovulatory Aging in Mouse Oocytes
We next investigated whether artificial modification of the status of histone acetylation by the inhibitor of HDAC could alter the progression of postovulatory aging in mouse oocytes. The TSA has been reported to be a highly specific inhibitor of HDACs [26] . The oocytes cultured in M16 with 100 nM TSA for 5 h were acetylated in H3K14 and H4K12 but not in H3K9 and H4K5 when these four sites were examined. The activation rate in the TSA-treated oocytes was significantly higher than in the control group (Fig. 4A) . Furthermore, TSA resulted in aberrant spindles in the treated oocytes (Fig. 4B) , due to the abnormal spindle increase in the aged oocyte [27] .
DISCUSSION
In the present study, we demonstrated that the acetylation levels on H3K14, H4K8, and H4K12 in mouse oocytes were obviously increased during in vivo and in vitro postovulatory aging. Furthermore, the acetylation levels on these sites were markedly decreased or increased when the progression of postovulatory aging was artificially delayed or accelerated, respectively. In addition, raising the levels of histone acetylation by adding TSA in the culture medium can accelerate the progression of postovulatory aging in mouse oocytes.
A previous study has shown that mouse oocytes at the germinal vesicle (GV) stage are acetylated at various lysine residues of histones H3 and H4 but deacetylated globally at meiosis because of the activities of HDACs and the absence of the HAT functions during the entire meiotic metaphase [18, 28] . With subsequent postovulatory aging, we found that histones H3 and H4 were acetylated at some lysine residues, suggesting that decreased histone deacetylation contributed to postovulatory aging in mouse oocytes. Moreover, the acetylation levels of histones H3 and H4 were markedly decreased or increased when the progression of postovulatory aging was artificially delayed or accelerated, respectively. These results indicate that the gradual acetylation on some lysines of histones H3 and H4 is one of the phenomena during postovulatory aging of the mouse oocyte.
The acetylation of histone H3 occurs initially at lysine 14 and then at lysine 23, lysine 18, and, eventually, lysine 9 [29] , while the acetylation of histone H4 occurs initially at lysine 16 and then at lysine 12 or lysine 8 and eventually at lysine 5 [30] . Therefore, AcH3K9 and AcH4K5 reflect the hyperacetylated state in histones H3 and H4. During postovulatory aging, lysine residues 8 and 12 on histone H4 and 14 on histone H3 were gradually acetylated, but acetylation was not found in lysine residues 5 and 9. There may be two possible explanations. First, these results indicate that the level of histone acetylation is lower during postovulatory aging than in the GV stage, suggesting that the function of histone deacetylation decreases but does not disappear during postovulatory aging. Second, mouse oocytes were acetylated at some specific lysine residues on histones H4 and H3 during the postovulatory aging, because only lysines 12 and 14 were gradually acetylated, but lysines 5 and 9 kept deacetylation status during postovulatory aging, even when treated by TSA for 5 h when lysine residues 9 and 14 on histone H3 and 5 and 12 on histone H4 were examined.
The acetylation states of various lysine residues on histones H3 and H4 in postovulatory aged oocytes exhibited changes similar to those in the oocytes from old mice, except on H3K14, for which H3K14 was deacetylated in old mouse oocytes [19] . This discrepancy in the acetylation of H3K14 between maternal and postovulatory aging remains to be elucidated.
When comparing these two kinds of aged oocytes, we can find that there are many common phenomena: lower fertilization competence, polyspermy, chromosomal anomalies, high rates of DNA fragmentation, abnormal and retarded development of embryos or fetuses, and increased mortality [8, 31] .
Oocytes in old mice are accompanied by distinct alterations in the pattern of gene expression [31] . We therefore proposed that the changes in histone acetylation, which involved the alteration of chromosomal structure and function, would be a contributing factor in the postovulatory aging of the mouse oocyte. As expected, we confirmed that raising the level of histone acetylation with TSA could accelerate the process of postovulatory aging in this study. Similar phenomena are also observed in somatic cells. In previous studies, TSA has been shown to induce premature senescence in normal human fibroblasts [32, 33] . Moreover, a recent study has shown that TSA can selectively trigger the senescent phenomenon in presenescent cells [34] . However, it must be noted that we cannot exclude the possibility that caffeine, 6-DMAP, and TSA can also be specifically affecting the oocyte activation pathway without directly affecting oocyte aging.
Our findings indicate that the gradual acetylation on some lysines of histones H3 and H4 is one of the phenomena in the process of postovulatory aging in mouse oocytes. Moreover, raising the level of histone acetylation by TSA could accelerate the progression of postovulatory aging, suggesting that changes in the acetylation on histones H3 and H4 can affect the progression of postovulatory aging in mouse oocytes.
